Multiple memory B-cell subsets are generated by the immune response -IgM + and IgG + memory B cells fullfill different effector functions -Early memory B cells emerge as germinal center-independent subpopulations -Persisting germinal centers modify the outcome of the recall response. Summary B cell memory has long been considered the attribute of the sole IgG-positive B cell subset. Since a few years, and due to new B-cell subset identification procedures, increasing heterogeneity has been identified among the memory B cell pool. IgM-positive cells, and germinal center-independent subsets are recent additions to the field. This review describes the diversity of memory B cells, as well as controversial issues on their relative contribution to the recall response. The impact of a protracted germinal center response to the specific mobilization of IgM memory B cells is proposed.
Introduction
Memory within the B-cell lineage is composed of two layers: long lived plasma cells (LLPCs) constantly secreting antibodies (Ab), and memory B cells which, upon re-immunization, generate new memory B cells, short-lived plasma cells and LLPCs. Why have we evolved these two protective barriers? At first, neutralizing Ab secreted by LLPCs, present in serum prior to antigenic re-challenge, appear as the fastest protection against a pathogen, faster than the one provided by innate responses. On the other hand, memory B cells, in case of an insufficiency or absence of neutralizing Ab, will be able to replenish the short lived and longlived plasma cell pool and therefore take care of the invading pathogen. This step will take more time and will thus only be operative in case of a slow pathogen taking several days to become virulent. Whether re-encounter with a pathogen, either accidentally or through deliberate vaccination, will change the response quantitatively but also qualitatively in terms of affinity or diversity has been in debate in immunology for the last 30 years. Recently this debate has been reanimated by the proposition that, whereas LLPC appear functionally as a rather homogeneous population whose preferential niche is the bone marrow, memory B cells are composed of different sub-populations harboring different effector properties [1] . This new notion of the heterogeneity of memory B cells seems accepted, but the precise phenotypes and functions of each subset according to the different forms of antigens and protocols of immunization used are still a matter of controversy. This review will focus on recent data on memory B cell subset identification in the mouse system. We will also propose that the structure of the antigen, and hence its capacity to generate or not persistent germinal centers, will impact on the differential mobilization of the memory subsets in a recall reponse.
What role for the structure of the antigen in the initiation of the B cell immune response?
M. Bachmann and his colleagues analyzed how an antigen, either in soluble or particulate form, can trigger a B cell response and documented a key role for natural IgM Ab, i.e IgM pre-existing in the serum prior to any specific immunization [2] . Using their classical bacteriophage Qbeta antigen either as a 28 kDa protein or as a virus-like particle (Qbeta-VLP) of 2.5 MDa, they reported that, when using Qbeta-VLP, immune complexes can be formed by low affinity natural IgM Abs. These immune complexes will be retained by marginal zone B cells and then transported to follicular dendritic cells (FDC) inside B cell follicles.
Conversely, the soluble Qbeta antigen required a previous immunization generating specific Qbeta IgM or IgG Ab for the immune complexes to be formed and transported efficiently to FDCs. With both forms of antigen, the binding to marginal zone B cells was non-cognate and complement dependent. The more potent transport of the particulate form of the antigen led to a stronger germinal center (GC) response.
New players in B-cell memory: IgM memory B cells and persistent germinal centers
Previous work on B-cell memory has largely focused on cells harboring a switched Ig isotype as a surrogate for memory. However, two studies performed in normal, non-Ig transgenic mice, highlighted the importance of the IgM memory subset [3, 4] .
In one study, memory subsets could be followed up to one year after immunization, through their irreversible labeling at the time of the germinal center reaction. This labeling was achieved by a tamoxifen-inducible Cre under the control of the promoter of activationinduced cytidine deaminase (AID), the key enzyme controlling Ig gene somatic hypermutation (SHM) and isotype switch within GC B cells [3] . Two mains observations resulted from this study:
1)
The presence of a persistent GC reaction up to 8 months after immunization with a particulate antigen (sheep red blood cells, SRBC), easily identified through the intrinsic fluorescent labeling of the responding cells. Such persisting GCs, which had been reported previously on shorter time scales [5] , were not observed after immunization with a protein antigen, NP-CGG in alum.
2)
The different behavior of the IgM and IgG1 subsets upon a boost, performed up to 6 months after the immunization or after transfer of the isolated subsets in pre-immunized hosts. Upon a recall immunization with SRBC, the IgM subset gave rise to a short wave of IgM-secreting anti-SRBC plasma cells, and returned for a large part to GCs in which it underwent more rounds of somatic mutation and switching to IgG1. The IgG1 subset proliferated markedly, and mainly gave rise to anti-SRBC IgG1 plasma cells along with the production of more IgG1 memory B cells. On the contrary, after NP-CGG immunization, boosting at 6 months induced essentially a plasma cell response with no GC reaction. In both cases, the IgM subset harbored a continuum of IgM and IgD surface expression, but distinct functional properties according to the relative expression of the two isotypes were not defined [6] .
These results appeared to solve old controversies by establishing that upon a boost at a rather extended time after a vaccination, the host was able to generate antibody-secreting cells but also, depending on the antigen, IgM and IgG centroblasts undergoing new rounds of SHM, the hallmark of an iterative affinity maturation process [7] (Fig.1 ).
The group of M. Jenkins used the protein antigen phycoerythrin (PE) with complete Freund's adjuvant as an immunizing antigen, allowing the follow-up of responding B cells through a protocol of PE-beads enrichment and enumeration of PE-stained cells [4] . IgM and IgG1 memory B cells were generated after immunization, the former subset dominating the longterm response. Upon a boost with PE in complete adjuvant or after transfer to a host at around one year after the first immunization, the IgG1 subset expanded and gave rise to anti-PE antibody-secreting cells. In contrast, and as opposed to the results mentioned above, the IgM subset only responded and returned to GC when transferred into a naive host, giving rise to IgM and IgG1 GC B cells. The conclusion of the authors was that circulating antibodies against PE prevented the response of the IgM memory B cells, this subset that carried less SHM and harbored less affinity for PE being essentially present in order to respond and generate new variants once circulating anti-PE specific IgG had waned. In a previous study using the same PE immunogen, R. Noelle and colleagues had also reported the generation of plasma cells and the absence of a GC reaction, after an intravenous boost with a low antigen dose [8] .
IgM memory B cells had been previously described, in particular in NP-specific transgenic settings [9, 10] . In such a model, where transgenic NP-specific cells were challenged after transfer in a naive host, different memory subsets were identified according to the presence of CD73, PD-L2 and CD80 markers: whereas their increased combinatorial expression appeared to parallel the frequency of IgG + B cells, and thus a "hierarchy of maturity", no specific effector function was linked to these different entities [11] .
GC-independent memory B cells.
Using the same antigen-based procedure of memory B cell enumeration, Jenkins and colleagues reported that the majority of IgM memory B cells as well as a minor subset of early IgG1 memory B cells were generated early during the response, in a GC-independent mode, and could be distinguished from the GC-dependent IgG1 memory B cells by the absence of the ecto-5'-nucleotidase CD73 surface molecule [12] . In their model, pre-GC B cells, which are already GL7 + but also CD38 + , could either give rise to GC centroblasts (CD38 -GL7 + ) or to memory B cells (CD38 + GL7 -). In support of their proposition, Bcl6 -/mice, which cannot make GCs, still displayed a similar number of CD73 -IgM + and IgG1 + memory B cells as wild-type animals. In an independent approach, comparing wild type and B-cell restricted Bcl6-deficient mice after immunization with NP-CGG, Takemori and colleagues described a similar early IgG1 memory B cell population in both mice, which showed robust secondary response upon adoptive transfer [13] Such a memory subset, with unmutated Ig genes and low affinity antigen specificity, differs from a classical definition of B-cell memory, as its enhanced responsiveness results from clonal expansion but not from affinity maturation. These two studies also differ as to which extent CD73 may strictly delineate the two GC-dependent and -independent, respectively mutated and unmutated, memory subsets. In the AID-mediated fate labeling experiments previously described, all AID-labeled B cells were CD73 + , while up to one third of the IgM + memory cells among them carried an unmutated Ig receptor [3] .
Localization of memory B cells
T. Kurosaki and his colleagues using adoptive transfer of Ig transgenic B cells harboring a cell cycle marker showed that IgG1 + memory B cells were non-dividing and essentially located in clusters near germinal center B cells [14] . These authors also showed that CD4 T cells were present near IgG1 + memory B cells, which suggested their possible cognate interaction upon a boost. IgM memory B cells, in contrast, were mainly scattered within follicles. Such challenging observations obviously remain to be conforted in other immunization settings.
Controversial issues on the effector function of IgM memory B cells
Antigenic challenge a few weeks after the initial immunization remobilizes memory B cells for a further round of activation in germinal centers and somatic hypermutation, according to the classical scheme describing affinity maturation as an iterative process upon successive restimulations [7] . As described in the studies cited, this appears to be the hallmark of the IgM memory subset. Nevertheless, IgM memory B cells were shown to respond after a boost in the work of Dogan et al. [3] , whereas they did not so in the Jenkins's group report, unless transferred into a naive host [4] . We would like to propose that it is the presence of a preexisting germinal center reaction that allows such a remobilization to take place. This is the case when the boost is performed early after the first immunization, the germinal center reaction being still ongoing whatever the nature of the immunogen is, a protein or a complex antigen. Later after the initial challenge, the capacity of IgM memory B cells to participate in a recall response would be restricted to immunogens capable of inducing persistent germinal center structures, ready for their rapid recruitment and expansion. Accordingly, there would be competition between the reinitiation of the germinal center reaction and the feedback inhibition mediated by specific IgG generated by rapid plasma cell differentiation (Fig.1) . As an alternative explanation, IgM receptors may be unfavorable competitors against circulating IgGs in the face of protein antigens such as PE, but not in the face of multimeric antigens such as SRBC.
Why would IgM and IgG memory B cells behave differently upon a boost? The difference in
the cytoplasmic tail of their Ig receptor that allows the recruitment of specific adaptors (like Grb2) and the triggering of a different signaling cascade could be part of the explanation [15] .
A more robust proliferative burst appears also to be specified by the IgG cytoplasmic tail, and organization into membrane microclusters differs between IgM and IgG isotypes [16, 17] .
Interestingly, the group of T. Kurosaki recently generated a mouse line through nuclear transfer of an IgG1-positive cell, thus allowing the study of IgG1 + naive and memory B cells.
Unexpectedly, they were able to correlate the heightened differentiation capacity of IgG1 memory B cells into plasma cells not to their signaling capacity, but rather to a specific differentiation program, and more precisely to the expression level of the Bach2 transcription factor [18] . In their study, Bach2 expression appeared high in naive B cells, including the IgG1-expressing ones, whereas it was intermediate in IgM and low in IgG1 memory B cells.
Such a low Bach2 expression allows for derepression of Blimp-1 and preferential plasma cell differentiation [19] .
The persistence of germinal centers could have multiple contributions to the immune response. First, it could recruit naive B cells that would join an ongoing reaction provided that they encounter appropriate survival and co-stimulatory signals [20] . Second, ongoing diversification might provide the host with Ig variants able to cope with mutants of the original pathogen [21] . In a recent paper M. Diamond and colleagues estimated the protective advantage that could be provided by the diversity generated within the memory B cell pool [21] . After a primary infection of mice with the West Nile virus, antibodies secreted by LLPC could only neutralize the wild-type but not a mutant form of the virus differing by one amino acid in a dominant neutralizing epitope. In contrast, memory B cells generated by this infection differentiated upon challenge into antibody-secreting cells recognizing and neutralizing the wild-type and the mutant virus. It was estimated by the authors that around 10% of the memory B cells produced by infection with the original virus recognized better the mutant form. This report thus supports the notion that LLPC are formed at a rather early stage of the GC reaction while memory B cells may be able to accumulate as long as the GC reaction goes on with specificities somewhat distant from the eliciting antigen.
Lastly, clonal expansions reported in persistent GCs may however represent a risk of neoplastic transformation [3] . Accordingly, recurrent recruitment within germinal centers of B cells presenting a defective control of apoptosis has been proposed as the mechanism underlying progression towards overt transformation in follicular lymphomas [22] (Fig.1) .
What role is played by the somatic hypermutation process?
SHM is a major player of the immune response that has been conserved among different species in order to increase the affinity of antibodies raised against invading pathogens. AID is the triggering factor initiating SHM within GCs, and class switch recombination in both GC and extra-follicular sites [23] . The group of T. Honjo, who discovered AID, later showed that AID-deficient mice had hyperplastic GCs in gut-associated lymphoid tissues and in the spleen, along with a large expansion of their anaerobic flora in the small intestine [24] . Since
IgA-deficient mice did not show a similar picture, the authors suggested that the absence of SHM could be responsible for this absence of control of the intestinal flora. They have recently described a mutation in the N-terminal portion of AID (G23S) that, upon expression in knock-in mice, reduces drastically SHM while not affecting class switch recombination and V gene repertoire [25] . Class switch recombination was reduced in vitro but, due to compensatory amplifications, the serum concentration of all Ig isotypes was normal in these mice. Hyperplasic GCs were observed in spleen and Peyer's patches and more commensal bacteria were found in the gut, although to a lesser degree than in AID-deficient mice. These results, by dissociating SHM from CSR in vivo, thus confirmed a specific role for SHM in the control of the gut commensal microbiota.
A specific role of SHM in the control of infections remains to be assessed in this model. In particular, in the control of viral escape variants discussed in the previous chapter [21] , SHM may contribute at multiple levels, either in the generation of memory B cells with a more potent repertoire or, during ongoing germinal center reactions, through the provision of altered specificities or newly recruited ones.
Conclusion
Chronic infections such as HIV seem to generate memory B cells bearing antibodies with a large amount of SHM and with sometimes a very distant specificity from the one harbored by their unmutated Ig receptor [26, 27] . This suggests that, as long as the response is ongoing in GCs, re-entry of memory and naive B cells is possible as well as the feeding of the memory pool by newly formed GC B cells. It seems too early to draw any conclusion on which vaccination preparation should be used: should one vaccinate with a whole pathogen or with recombinant proteins, such as those expressed at its surface or those, like toxins, secreted in the outside milieu? The use of a particulate antigen seems to provide several advantages: a more potent triggering of the response and the formation of persistent GCs that may provide additional diversity upon a new challenge and generate more fitted variants. To what extent persistence in germinal centers correlated with prolonged AID expression may, on the other hand, significantly increase oncogenic DNA damages remains obviously to be assessed. 
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